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ABSTRACT

Aims. The parameters of cosmic ray electrons (CRe) and the strength of magnetic field are crucial for studying particle acceleration
of shocks. The recent discovery of eROSITA bubbles suggests that the well-known NPS/Loop I should be a 10-kpc sized relic in
the Galactic halo instead of a small local structure near the Sun. By deriving the energy density of CRe and magnetic field strength
accounting for the NPS, unprecedentedly precise parameter constraints on particle acceleration for weak shocks in halo medium can
be provided.

Methods. The parameters of CRe and magnetic field can be derived independently by modeling the gamma-ray and the radio data of
the NPS via inverse Compton scattering and synchrotron emission, respectively.

Results. Our main results are: (1), the energy density of CRe is (2—5)x 10~'* erg cm™>, and the spectral index is p ~ 2.0+0.1; (2),
the magnetic field strength is 4 1G; (3), the shock acceleration efficiency of CRe is close to 1%. Given the Mach number of 1.5,
the high acceleration efficiency and flat spectrum of CRe suggest that re-acceleration of preexisting relativistic electrons should exist
in the NPS. In addition, CRe population steepens at a cooling break of ~4 GeV, of which the cooling timescale is 107 yr, in agreement
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with the eROSITA bubbles’ age.
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1. Introduction

Particle acceleration for strong shocks is becoming con-
strained in both SNR observations and numerical simula-
tions (e.g., Morlino & Caprioli 2012; Blasi 2013). However,
the efficiency of low-Mach-number (typically M < 3) and
high/moderate thermal-to-magnetic pressure ratio environment
in intra-galactic-medium or circumgalactic medium remains
largely uncertain. According to the diffusive shock accelera-
tion (DSA) mechanism, the acceleration efficiency of CRe 7,
is very small, which is a few orders of magnitude lower than
that of CRp. However, for some radio relics, the observed ra-
dio brightness suggests that 77, should be very high (Kang et al.
2012; Brunetti & Jones 2014; Vazza et al. 2015; Botteon et al.
2020), which does not reconcile with the DSA mechanism (but
see also Locatelli et al. 2020 for a radio relic consistent with
DSA). Furthermore, given the low-Mach number of the shocks
inferred from X-ray observations, radio spectra of some radio
relics are significantly flatter than the DSA’s prediction (see re-
views by Brunetti & Jones 2014; van Weeren et al. 2019). In
order to solve these problems, the re-acceleration mechanism is
considered in which the preexisting “fossil” relativistic electrons
can be efficiently re-accelerated by shocks (Kang & Ryu 2011;
Pinzke et al. 2013), and this mechanism is also supported in ob-
servations of some merging galaxy clusters (van Weeren et al.
2017; Di Gennaro et al. 2018).

However, samples of distant galaxies/clusters bring large un-
certainties to studying the acceleration efficiency due to the nar-
row range of observable frequencies, the coupling between the

parameter of CRe and magnetic field strength for the radio emis-
sion, and the difficulty in measuring the field strength. One may
adopt the energy equipartition method to derive the distribution
of CRe and magnetic field, which however involves major uncer-
tainties since the energy ratio between CRp and CRe is largely
unknown (Beck & Krause 2005). Thus, a source with rich obser-
vational data especially those breaking the degeneracy between
CRe and magnetic field, is crucial in probing the acceleration
efficiency of weak shocks.

Loop I, the giant loop spanning almost 100 degrees in the
radio sky map, has been known for 60 years (Large et al. 1962).
Its eastern part is prominently brighter than its western part, and
is called the North Polar Spur (NPS). Loop I/NPS is outstanding
in a wide range of frequencies from tens of MHz to tens of GHz
(e.g., De Oliveira-Costa et al. 2008), and the lower frequencies of
< 10" GHz are expected to be dominated by synchrotron emis-
sion. Moreover, it is also visible in X-ray (Snowden et al. 1997)
and gamma-ray band (Casanjian & Grenier 2009; Su et al. 2010).
During the past decades, most literature regarded NPS/Loop I as
a local structure (LS) of the order of ~ 10? parsecs which could
originate from an old SNR or stellar activity (Weaver 1979;
Wolleben 2007). A recent work (Panopoulou et al. 2021) inves-
tigated the optical polarization angles of nearby stars induced by
the foreground dust (Das et al. 2020). The starlight polarization
angles at Galactic Latitude b > 30° are essentially aligned with
that of the radio NPS in tens of GHz, and thereby they argued
that this part of the NPS should be located within ~ 100 pc.
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Nevertheless, Sofue believes that it could be a large halo
structure (HS) of the order of ten kiloparsecs at the galactic cen-
ter distance (Sofue 1977, 2000; Sofue et al. 2016), which could
originate from the past outburst of the Galactic center. This sce-
nario is becoming attractive, as it is consistent with the multi-
wavelength structures discovered during the recent decade, in-
cluding its southern counterpart in X-ray band (Predehl et al.
2020), Fermi bubbles (Su et al. 2010) and polarized radio lobes
(Carretti et al. 2013). This is further confirmed in those hydro-
dynamic simulations modeling the Fermi bubbles (Guo & Math-
ews 2012; Mou et al. 2014; Sarkar 2019). Due to highly overlap-
ping, the radio Loop I and the northern eROSITA bubble should
be the same physical structure, where the radio emission should
come from the synchrotron radiation of CRe accelerated by the
forward shock. Thus, the discovery of southern eROSITA bub-
ble provides a convincing evidence to support the HS picture,
which is also supported by foreground absorption of X-ray by
Aquila Rift clouds at a distance of 1 kpc (Sofue 2015; Sofue
et al. 2016). We believe that radio and X-ray Loop I/NPS is a
GC—distance halo structure, while it is coincidentally overlapped
by the foreground local dust and H I. As shown in our recent
simulation study (Mou et al. 2022), both the prominent east—
west asymmetry of Loop I/NPS and the faintness of its southern
counterpart (north—south asymmetry) which frequently raised as
supports for the LS scenario, can be caused by a crossing CGM
wind injected from the east by north in Galactic coordinates with
a velocity of ~ 200 km s~! (see also Mou et al. 2018; Sofue 2019
for analytical studies). Inferred from X-rays, the Mach number
of NPS/Loop I is ~1.5, and the age of NPS/Loop I should be
107 yr (Kataoka et al. 2013; Predehl et al. 2020). In this context,
NPS/Loop I, which possibly has been misunderstood for several
decades, could be an excellent object for studying the particle
acceleration of weak shocks, although it is much smaller than
those Mpc—sized radio relics of concern.

The model and result are presented in Section 2, and we dis-
cussed the results in Section 3.

2. Model and Result
2.1. Basic Method

For the radio NPS (see Figure 1 for 408 MHz map), our analy-
sis is restricted to latitudes » > 30° to avoid complications near
the Galactic plane, which is also in line with the sky region for
the gamma-ray data in J6hannesson & Porter (2021). The tem-
perature spectral index 8 (Tg ~ v?) of the NPS is ~2.55 be-
tween 45 MHz and 408 MHz (Guzmén et al. 2011). It steepens
as the frequency increases to GHz: 8 ~ 2.8 between 408 MHz
and 2.3 GHz (Platania et al. 2003), ~ 3.0 between 408 MHz
and 23 GHz (Miville-Deschénes et al. 2008). Vidal et al. (2015)
found that 8 of the NPS is around 3 between 23 and 41 GHz
from WMAP data although with a large dispersion, and Jew &
Grumitt (2020) found it to be 3 — 3.2 between 30 and 44 GHz
from Planck data. The steepening of the synchrotron spectrum
suggests a turning point at ~ 10° GHz, which should be indica-
tive of a cooling break in the CRe population. The main cooling
mechanisms of the NPS involve synchrotron or inverse Compton
scattering (ICS), which makes the spectral energy distribution
(SED) of CRe steeper by one power of vy, for continuous injec-
tion of CRe. Here we assumed a SED of CRe accounting for the
NPS in a broken power-law form with the exponential cut-off at
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where vy, is the Lorentz factor of the cooling break energy Ey,.
Continuity requires N; = Nyyy,,. We investigated the cases with
p = 1.9 — 2.2, and set the exponential cut-off at y,, = 9.8 X
10° (0.5 TeV) for p < 2.0 and 1.96 x 10° (1 TeV) for p >
2.1 to improve the fitting of gamma-ray spectrum. For non-
relativistic bulk motion which is the case concerned here, the
energy distribution peaks at y. ~ 2, as a result of CRe following
a power-law distribution in momentum (instead of energy) with
slope p (Bell 1978; Sironi et al. 2013), Therefore, the SED of
CRe (equation 1) can be regarded as starting from y, = 2 !.
The only two unknown parameters of CRe population are the
coeflicients Ny and N; in equation 1.

In this work, we adopted one-zone assumption for simplic-
ity. Due to the coupling between the energy density of CRe and
the magnetic field, these parameters cannot be derived from ra-
dio data alone. Thanks to the Fermi-LAT, the gamma-ray spec-
trum of the NPS has been obtained (e.g., J6hannesson & Porter
2021). The parameters of CRe can be solved independently via
fitting the gamma-ray spectrum through ICS of CRe. After that,
the magnetic field strength can be derived by fitting the radio
spectrum. This is the basic method of this work.

2.2. Geometry Structure

The physical structure of Loop I/NPS is generally regarded as
the post-shock medium. Before modeling the radio and gamma-
ray NPS, we should know the thickness of the radiative shell
along the sightline — Dy(l,b). We adopt 3D Cartesian coordi-
nates, in which Z—axis is the Galactic polar axis, and our solar
system is located at (X, ¥, Z) = (0, —8.2 kpc, 0) (Bland-Hawthorn
& Gerhard 2016). We constructed a 3D hollow and thick-shelled
bubble in the Galactic halo with its center at (Xcy, 0, Zcnt). The
inner and outer radii of the shell is Ry, and R, respectively,
in which we forced Ry, = Z. to reduce degrees of freedom.
By testing a series of parameter groups, the four parameters can
be estimated by comparing the shell’s projection in the Galac-
tic coordinates and the observed NPS. The fitting result is (Ry,,
Rout)=(5.0 kpc, 7.5 kpc) and (Xent, Zent) =(1.5 kpc, 5.0 kpc), and
the modeled D(/, b) is shown in Figure 1. The value of Dy(/, b)
depends on the specific direction, but is basically in the range
of 6-10 kpc. Here we adopted D,(l,b) = 8 kpc as the fiducial
value. For the LS, if we examine the case where the center is
100 pc from the Sun, the projected thickness of the shell can be
obtained by DS = D - (100pc/9.4kpc) = 0.011D; = 0.88 kpc
with the help of similar-geometry. Thus, the values of the pro-
jected thickness under the two physical scenarios differ by two
orders of magnitude, which will have a significant impact on the
parameters of CRe required to fit the observations.

2.3. Gamma-Ray NPS

There are two possible origins for gamma rays: ICS of interstel-
lar radiation field (ISRF) by CRe, or hadronic origin (pp colli-
sions). If it is hadronic origin, the gamma-ray luminosity per unit
volume is j, ~ foppecrphgasc, Where f ~ 0.17 is the fraction of
CRp’s kinetic energy transferred into 7° which instantaneously

! When adopting the lower bound of y. = 1 or 2 with p < 2.2, the
difference in the energy density of CRe is only a few percent.
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Fig. 1. Panel (a) shows the 408 MHz sky map (Haslam et al. 1982 , T’z
in mK), with grey contours indicating 75 = 25 K, 40 K, 50 K and 60 K.
The right window shows the zoom-in view of the NPS, and the polygon
marks the region for radio intensity statistics (similar to the region for
gamma-ray analysis in J6hannesson & Porter 2021). Panel (b) shows
the 3D view and the three-slice view of the shell (coordinate values are
in units of kpc). Panel (c) shows the projected thickness (D;) of the
radiative shell accounting for the NPS/Loop I in Galactic coordinates
with (Rin, Rour) =(5.0 kpc, 7.5 kpc). The crosses and the dashed line
mark the outlines of Loop I and northern Fermi bubble, respectively (see
Su et al. 2010 for coordinates). Panel (d) show the projected thickness
maps for (R, Row) =(4.0 kpc, 7.5 kpe) (left) and (6.0 kpe, 7.5 kpc)
(right).

decays into gamma rays, o,, ~ 30 mb is the cross section of
inelastic collision (Aharonian 2004), e, is the energy density
of CRp. X-ray observations suggest that the density and tem-
perature of the hot gas in NPS are ng,s ~ (3 —4) x 107 cm™
and 0.3 keV, respectively (Kataoka et al. 2013, 2015). If taking
the thermal energy density of the ions as the upper limit of ey,
we would have the gamma-ray intensity of J, = (4m)~! JyDs <

1x10° eV em™2 57! sr™!, of which the upper limit is about half of
the observed value (Jéhannesson & Porter 2021). Thus, hadronic
origin requires relatively extreme conditions of which the energy
density of CRp could exceed that of thermal ions, and we believe
that gamma rays of the NPS are more likely from ICS.

In ICS, the rate of gamma-ray production per unit volume
per unit energy is given by:

dl’ly(Ey) _ Cf f dO'Ic(Ey, E., Eph) AdNre d, dnph dE,; (2)
dE, e JE dE, dy. '“dE, "

where dN../dy. is the energy distribution of primary CRe (see
equation 1), dny,/dE,;, is the number density of interstellar ra-
diation field (ISRF) photon per unit energy. The differential
cross sections of ICS in above equation can be approximated by
doic/dEy = 30r(E.Le) ' [2qIng + (1 +2¢)(1 - q) + Teq)*(1 ~
q)2 + 2I'.g)~'], where o7 is the Thomson cross section, I', =
4E,,hEe/(m§c4), andg = Eyl“gl(Ee—Ey)‘1 (Blumenthal & Gould
1970). The gamma-ray flux is found from the source term (equa-
tion 2) as a sightline integral:

dN, 1

- dny ir 3)
dE, 4n ) dE,

The ISRF takes the values in GALPROP ? v54 (see Figure
A1, Moskalenko et al. 2006; Porter et al. 2006). The line-of-sight
towards the NPS will pass through different regions, involving
different ISRF. Here we take the ISRF at (R, z) = (5 kpc, 5 kpc)
as the seed photon in the fiducial case (R is the galactocentric
distance and z is the height from the midplane of the Galactic
disk).

2.4. Radio NPS

For the radio NPS (Figure 1a), we selected the similar re-
gion to the one used in gamma-ray analysis (Johannesson
& Porter 2021), and simply chose the region of longitude
| = 60° (outside and close to the NPS) as the radio back-
ground/foreground, of which T ~ 22 K at 408 MHz. Sub-
tracting the background/foreground of the same latitudes,
we derived that the average brightness temperature of the
NPS at 408 MHz is T = 20 K. After fitting the gamma-ray
spectrum, we obtained a serial of CRe’s SEDs with differ-
ent E,. and Ny. Then for each SED, we calculated the syn-
chrotron emission with different field strength, in which the
pitch angle between electron velocity and the field is assumed
to be random. We defined the radio-fit conditions as fol-
lows: matching the intensity at 408 MHz, spectral indices of
a; = —0.55 ~ -0.60 (45-408 MHz) and @, = —1.0+0.1 (0.408-
23 GHz), in which @, = In(S 4s5mu./S 408muz)/ In(45/408) and
a; = In(S 408muz/S 236H2)/ In(0.408/23). These conditions re-
strict the model parameters to a narrow range.

2.5. Results

By modeling the radio and gamma-ray data, we choose the
setup with p = 2.0 and Ep,, = 4 GeV as the fiducial case
(Table 1 and Figure 2). The coefficients of CRe SED (equa-
tion 1) in the fiducial case are Ny = 5.6 x 10~ cm™ and
Ni = 4.4 x 107 cm™. The energy density of CRe is thus
e = 3.9 x 107!* erg cm™>, and the number density of CRe

2 http://galprop.stanford.edu
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Fig. 2. Modeling the radio and gamma-ray spectra for the NPS. The diamond and errorbars mark radio intensity (408 MHz) and gamma-ray data
(J6hannesson & Porter 2021) of the NPS, respectively. The orange dotted lines indicate the radiation of the ICS on different components of the
ISRF for p = 2.0 (SL - star light; IR — infrared; CMB — cosmic microwave background. See figure A1 for details).

Table 1. Parameters for modeling the radio and gamma-ray NPS. Note:
“Y” or “N” (yes or no) behind the E.—value indicates whether the values
of modeled @, and @, meet the radio-fit conditions, and “LS” behind the
p—value marks the local structure scenario.

p Ebr NO €cre B ) @2
GeV cm™3 ergem™ G
19 3(Y) 19x10° 24x10"™ 43 -058 -091
20 35©N) 56x107° 39x107 35 -0.61 -0.95
2.0 4(Y) 49%x10° 3.5x107'* 3.8 -0.59 -0.93
2.0 5(N) 39x107° 29x107% 42 -0.56 -0.88
21 4(N) 13x10% 55x10 36 -063 -0.97
21 5(Y) 1.0x108 45x104 40 -0.60 -0.92
2.1 6(N) 86x10° 3.8x107* 44 -0.59 -0.88
2.2 TN) 25x10°% 6.8x107'* 39 -0.63 -0.90
19LS 3(Y) 17x107 2.1x102 43 -058 -091
20LS 4(Y) 44x107 32x102 38 -0.59 -0.93
2.1LS 5(Y) 9.0x1077 39%x1072 41 -0.60 -0.92
2008 7T(N) 23x10° 63x102 3.9 -0.63 -0.90

is ~ 2.5 x 107 cm~3, which is 107 of the thermal density de-
rived from X-ray observations (Kataoka et al. 2013). In ad-
dition, the energy density of CRe is about 6% of that of the
magnetic field, indicating a significant deviation from energy
equipartition between the CRe and the magnetic field.

We also derived the confidence intervals of the CRe’s pa-
rameters beyond which the radio-fit conditions will never be
met: Ey, ~ 3 GeV for p = 1.9, 3.5-5 GeV for p = 2.0, and 5
GeV for p = 2.1 (Table 1). The radio conditions rule out the
cases of p > 2.2 and p < 1.8. Thus, the possible range of e,
would be (2.4 — 4.5) x 107'* erg em™3.

The gamma-ray of the NPS is dominated by the ICS on
the star light (Figure 2). Since the star light dilutes with the
height from the Galactic disk, this is in agreement with dim-
ming of the gamma-ray NPS with latitude (e.g., Ackermann
et al. 2014).
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3. Discussions

According to X-ray observations, the post-shock gas account-
ing for the X-ray NPS has a temperature of 0.3 keV and a
density of ngs = (3 —4) X 1073 cm™3 (Kataoka et al. 2015).
Thus, the thermal pressure is Py, ~ 3 x 107'2 dyn cm™2. The
CRe acceleration efficiency of the shock defined as the ratio
the fraction of shock energy converted into CRe’s energy is
Ne = ecre/lecre+ep+(y—1)"'Py] = 0.7% in our fiducial case, sug-
gesting that CRe can be efficiently accelerated by weak shocks.
If considering the confidence intervals, 17, would be (0.5-0.9)%.
This value is unusually large compared with the expectation
of the canonical DSA theory (e.g., < 10™* for Mach number
< 3, Kang & Ryu 2013), but is in agreement with the specu-
lation from observations of some radio relics (e.g., Botteon et al.
2020). Moreover, the Mach number of 1.5 inferred from X-rays
(Kataoka et al. 2013) is significantly smaller than that deduced
from DSA for p < 2.2 (M > 4.6). Thus, the high acceleration ef-
ficiency of CRe and flat radio spectra suggest that re-acceleration
of CRe should exist for the NPS. The field strength is around 4
UG, suggesting that the magnetic pressure is about 50 times
CRe’s pressure. The plasma beta defined as the thermal-to-
magnetic pressure ratio is ~ 5 in the post-shock gas while it
is uncertain in the pre-shock gas.

If energy equipartition between CR and field still holds, for
our fiducial case the energy density of CRp would be about 16
times that of CRe (e¢p, ~ 5.4 X 10713 erg cm™3), and the accel-
eration efficiency would be 11% for CRp. Compared with the
DSA mechanism, this remarkably high efficiency implies that
CRp may have been re-accelerated by the weak shock as well.

The cooling break energy of CRe (E},) deduced from the
radio and gamma-ray spectra is around 5 GeV. Given the ISRF
energy density of 1.83 x 107!2 erg cm™ at (R, z) =(5 kpc, 5 kpc)
and the field strength of 4 uG, the cooling timescale for CRe of
4 GeV is 50 Myr, in agreement with the eROSITA bubbles’ age
of 20 Myr (Predehl et al. 2020), suggesting that the results in
agreement with the premise of halo-structure nature.

For the LS scenario, the energy density of CRe deduced is
(2—4)x107'2 dyn cm~2. As a comparison, the pressure of the hot
plasma of million Kelvin filling the local hot bubble is estimated
to be ~ 1 x 1072 dyn cm™2 (Puspitarini et al. 2014; Snowden
et al. 2014). The magnetic field measured by Voyager 1 crossing
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the heliopause is ~ 5 uG (Burlaga & Ness 2014), while mod-
eling the radio emission at the Galactic plane estimates that the
magnetic field at the Solar position should be ~ 3 uG (Jaffe et al.
2010). Let’s take the magnetic field of 5 uG as the representative
value of the local bubble, and assume that CR and magnetic field
are in energy equipartition. The total pressure (including thermal
pressure, magnetic pressure and CRe pressure) of the local bub-
ble should be ~ 3 x 10712 dyn cm~2, which is in line with the
value in Cox (2005). Thus, the acceleration efficiency of CRe in
the LS scenario would be unusually high, which is a challenge
for the current knowledge on the shock acceleration of super-
nova remnants. In addtion, by integrating over the volume in
the LS (see the shell in Figure 1b but scaled down to 0.011
times), the total CRe energy is over 1 x 10°° erg. This value is
also extraordinary compared with 10* yr-old SNRs Cygnus
Loop and W44, of which the total energies of CRe derived
by modeling the radio and gamma-ray data are < 1 x 10%
(Katagiri et al. 2011) and ~ 10*® erg (Ackermann et al. 2013),
respectively.

Acknowledgements. GM thanks Zhongqun Cheng for helpful discussion.
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